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Abstract
A largely unanswered question in the study of arboviruses is the extent to which virus can overwinter in adult
vectors during the cold winter months and resume the transmission cycle in summer. Buggy Creek virus (BCRV;
Togaviridae, Alphavirus) is an unusual arbovirus that is vectored primarily by the swallow bug (Hemiptera:
Cimicidae:Oeciacus vicarius) and amplified by the ectoparasitic bug’smain avian hosts, themigratory cliff swallow
(Petrochelidon pyrrhonota) and resident house sparrow (Passer domesticus). Bugs are sedentary and overwinter in the
swallows’ mud nests. We evaluated the prevalence of BCRV and extent of infection in swallow bugs collected at
different times in winter (October–early April) in Nebraska and explored other ecological aspects of this virus’s
overwintering. BCRVwas detected in 17% of bug pools sampled in winter. Virus prevalence in bugs in winter at a
site was significantly correlated with virus prevalence at that site the previous summer, but winter prevalence did
not predict BCRV prevalence there the following summer. Prevalence was higher in bugs taken from house
sparrow nests in winter and (in April) at colony sites where sparrows had been present all winter. Virus detected
by reverse transcription (RT)-polymerase chain reaction in winter was less cytopathic than in summer, but viral
RNA concentrations of samples in winter were not significantly different from those in summer. Both of the BCRV
lineages (A, B) overwintered successfully, with lineage A more common at sites with house sparrows and (in
contrast to summer) generally more prevalent in winter than lineage B. BCRV’s ability to overwinter in its adult
vector probably reflects its adaptation to the sedentary, long-lived bug and the ecology of the cliff swallow and
swallow bug host–parasite system. Its overwintering mechanisms may provide insight into those of other
alphaviruses of public health significance for which such mechanisms are poorly known.
Key Words: Arbovirus—Buggy Creek virus—Oeciacus vicarius—Overwintering—Petrochelidon pyrrhonota—Virus
ecology.
Introduction
Transmission cycles of arthropod-borne viruses(‘‘arboviruses’’) in temperate latitudes are interrupted by
cold weather during the winter months when the insect vec-
tors die off or become dormant. Some North American ar-
boviruses are vertically transmitted (Watts et al. 1973, Turell
et al. 1982, Tesh 1984, Turell 1988, Goddard et al. 2003, Phillips
and Christensen 2006), and overwintering of infected eggs
may provide a mechanism for virus persistence at a given
locale from year to year. Less common, however, is over-
wintering of arboviruses in adult insects (Reeves et al. 1958,
Bellamy and Reeves 1963, Reeves 1974, 1990, Reisen et al.
1986, 2006a, Rosen 1987, Reisen 1990). Only a few virus iso-
lations from adult mosquitoes in the winter have been re-
ported in central and northern North America (Blackmore
andWinn 1956, Bailey et al. 1978, Nasci et al. 2001, Farajollahi
et al. 2005), and it is unclear whether overwintering in adult
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vectors is an important component of the transmission cycles
for most of the well-studied arboviruses (Mitchell 1988). The
difficulty in finding large numbers of adult vectors, particu-
larly mosquitoes (e.g., Mitchell 1979), in the cold winter
months has generally precluded detailed investigations into
the frequency or success of virus overwintering, what eco-
logical conditions promote virus survival in winter, and the
extent to which winter might serve as a selective bottleneck
for different arbovirus strains.
Buggy Creek virus (BCRV; Togaviridae, Alphavirus) is an
unusual arbovirus within the western equine encephalomy-
elitis virus sero-complex of alphaviruses (Hayes et al. 1977,
Calisher et al. 1980, 1988, Hopla et al. 1993, Pfeffer et al. 2006,
Padhi et al. 2008). There are two BCRV lineages that are
sympatric in portions of Nebraska and Colorado (Padhi et al.
2008). BCRV is vectored primarily by the hematophagous
swallow bug (Hemiptera: Cimicidae: Oeciacus vicarius) and
amplified by the ectoparasitic bug’s main avian hosts, the cliff
swallow (Petrochelidon pyrrhonota), and the introduced house
sparrow (Passer domesticus; Hayes et al. 1977, Rush et al. 1980,
1981, Scott et al. 1984, Brown et al. 2001, 2007, 2008). The
sedentary swallow bugs are wingless and remain in or near
the cliff swallows’ mud nests at the birds’ nesting colonies
throughout the year. Bugs can be easily collected in large
numbers at predictable spatial foci (the colony sites) and
typically have relatively high levels of BCRV infection (e.g.,
Brown et al. 2001, 2007, 2008, Moore et al. 2007); thus, these
insects provide an unusual opportunity to study the winter
ecology and lineage dynamics of BCRV.
Because BCRV vectors commonly survive the winter in the
field and are known to maintain infectious BCRV in the lab-
oratory for up to 310 days (Rush et al. 1980, Brown et al.
2009b), we hypothesized that this virus successfully over-
winters in swallow bugs. Using a well-studied population of
virus, vectors, and hosts in southwestern Nebraska, we in-
vestigated (i) the prevalence of BCRV in bug vectors during
the winter months, (ii) ecological correlates associated with
BCRV occurrence at sites in the winter, and (iii) potential
differences in overwintering ecology between the two BCRV
lineages. The lineages show a number of ecological differences
in the summer season that may reflect a divergence in their
transmission strategies (Brown et al. 2009), and in this paper
we examine whether they also differ ecologically in winter.
No other arbovirus in temperate latitudes of North America
has been studied as systematically in winter, and the results
offer insight into the potential ability of alphaviruses to
overwinter in natural environments.
Materials and Methods
Study organisms
BCRV was first isolated in 1980 from swallow bugs col-
lected at a cliff swallow colony along Buggy Creek in Grady
County, west central Oklahoma (Hopla et al. 1993). Fort
Morgan virus, found in Colorado and also associated with
cliff swallows and swallow bugs (Hayes et al. 1977, Calisher
et al. 1980, Scott et al. 1984), is a strain of BCRV (Pfeffer et al.
2006, Padhi et al. 2008). The two lineages of BCRV (lineages
A and B) differ from each other by>6% at the nucleotide level
(Pfeffer et al. 2006); A is the more southerly lineage and B the
more northerly, and both occur at swallow nesting colonies in
Nebraska (Padhi et al. 2008, Brown et al. 2009).
Cliff swallows are highly colonial passerines that breed
throughout most of western North America (Brown and
Brown 1995). They build gourd-shaped mud nests and attach
them to the vertical faces of cliff walls, rock outcrops, or ar-
tificial sites such as the eaves of buildings, bridges, and
highway culverts. Cliff swallows are migratory, wintering in
southern South America, and have a relatively short breeding
season in North America from late April to late July. Most
pairs raise only one brood.
House sparrows were introduced into North America from
Europe in the 1800s and are found in all parts of the United
States (Lowther and Cink 1992). Sparrows usurp cliff swallow
nests and will occupy them until the nests fall from the sub-
strate. Numbers of sparrows vary among colony sites, with
some sites having none and others having only sparrows.
House sparrows are nonmigratory and resident around the
swallow colonies throughout the year.Many individuals raise
up to three broods per summer at our study site.
The swallow bug is a hematophagous ectoparasite pri-
marily of cliff swallows. Swallow bugs are nest-based para-
sites that overwinter in their hosts’ nests or in the cracks and
crevices of the nesting substrate near the nests. Infestations
can reach 2600 bugs per nest. Swallow bugs are relatively
long-lived and begin to reproduce as soon as they feed in the
spring. Cliff swallows do not use all of the colony sites in a
given year (Brown and Brown 1996), and the bugs can survive
long periods of host absence (Smith and Eads 1978, Hopla
et al. 1993, Rannala 1995). The bugs also parasitize house
sparrows that nest in cliff swallow colonies (V. O’Brien and
C. Brown, unpublished data). Swallow bugs disperse between
nests within a colony by crawling on the substrate and dis-
perse between colony sites by clinging to the feet and legs of
cliff swallows that move from one site to another (Brown and
Brown 2004, 2005).
Study site
Our study site is centered at the Cedar Point Biological
Station (41830 N, 1018390 W) near Ogallala, in Keith County,
along the North and South Platte Rivers, southwestern
Nebraska, United States, and also includes portions of Lin-
coln, Deuel, Garden, and Morrill counties. Cliff swallows
have been studied there since 1982. Approximately 170 cliff
swallow colony sites are in the 20060 km study area; about a
third of these are not occupied by swallows in a given year. In
our study area, cliff swallow colony size ranges from 2 to 6000
nests, with some birds nesting solitarily. Over a 25-year pe-
riod, mean (SE) colony size (n¼ 1812) was 393 (15) nests.
The number of house sparrow nests at colony sites has been
less well monitored but typically varies between 1 and 20.
Each colony site tends to be separated from the next nearest by
1–10 km but in a few cases by20 km. The study area is de-
scribed in detail by Brown and Brown (1996) and Brown et al.
(2008). Cliff swallow colonies in this study were situated
either on large highway bridges that spanned the North or
South Platte rivers, or in box-shaped culverts underneath
roads or railroads.
Field collections of bugs
Winter collections of swallow bugs for virus isolation took
place on six occasions during the birds’ nonbreeding season:
27–28 December 2004, 6–8 October 2005, 6–8 January 2006,
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8–10 April 2006, 9–12 February 2007, and 11 April 2007. The
April dates were just before the spring return of any cliff
swallows; none was observed by us on those dates, and the
earliest the species has ever been recorded in the study area is
13 April (Brown 1998).
We removed inactive swallow nests to expose bugs on
the substrate behind the nests, brushing these bugs off the
wall into a collecting jar. We harvested additional bugs
by picking them out individually from the mud nest frag-
ments. Bugs were sorted into pools of 100 individuals while
alive and frozen immediately at 708C. We sampled bugs
from throughout a colony site and only at sites that had been
occupied by cliff swallows the previous summer; colony sites
unused by swallows in the past summer yielded few bugs in
winter. For each colony site, we recorded if house sparrows
were present (known by our seeing them or by the presence of
sparrow nesting material in the swallow nests). In the 2005–
2006 winter season, we also collected some nests that had
been or were currently occupied by sparrows (for winter
roosting), indicated by the large quantities of grass and
feathers that house sparrows use for bedding. Bugs collected
in winter did not show evidence of any recent blood-feeding
(i.e., none had a dark blood spot visible in the abdomen).
Comparative analyses in this paper used data from bug
pools collected in the summers (May–July) of 2004–2007. The
summer data were collected and analyzed as described in
Moore et al. (2007) and Brown et al. (2007, 2008, 2009). All data
here come from bug pools that were tested for BCRV; no
vertebrate hosts were screened for virus in winter.
Virus screening and isolation
Bug pools were macerated by mortar and pestle or with a
Mixer Mill (MM 31) from Qiagen (Valencia, CA). Homo-
genates were clarified by centrifugation at 11,000 g for 1min
and subsequently stored at 708C. For RNA extraction, a
100 mL aliquot of the supernatant of each homogenate was
added to 400 mL of a guanidine thiocyanate–based lysis buffer.
After the addition of 400 mL of 100% ethanol, RNA was ex-
tracted using the QIAmp Viral RNA Mini Kit (Qiagen) fol-
lowing the manufacturer’s protocol. A negative control was
placed between every five samples during extraction and
maintained in the same position for reverse transcription
(RT)-polymerase chain reaction (RT-PCR). A positive BCRV
control (isolated from swallow bugs) was also included in
each extraction.
RT-PCR was performed using the OneStep RT-PCR Kit
(Qiagen) following the manufacturer’s protocol. Primers and
themocycler conditions are given in Moore et al. (2007). A
portion (6.5 mL) of each amplification product was electro-
phoresed on a 4%Nusieve=agarose gel, together with a BCRV
amplicon and a 100-bp cDNA ladder, to identify BCRV-
positive pools.
Bug pools that were positive by RT-PCR were subjected
to plaque assay on Vero cells. We added 100mL of each
supernatant in duplicate to a confluent monolayer of Vero
cells in a six-well cell culture plate, incubated it for 1 h at 378C
in 5%CO2, overlaid eachmonolayerwith 3mL0.5% agarose in
yeast extract–lactalbumin overlay medium supplemented
with 2240mg=L sodium bicarbonate, 292mg=L L-glutamine,
and antibiotics, and returned the plate to the incubator. A
second 3mL overlay, prepared as before but supplemented
with 0.004% neutral red dye, was added after 2 days’ incu-
bation for plaque observation. Plaques were scored on the
third and fourth days of incubation. For RT-PCR-positive
samples that showed no plaques on Vero cells, we reextracted
RNA from the remaining swallow bug homogenate and per-
formed another RT-PCR assay to verify the presence of non-
cytopathic (noninfectious) viral RNA (Moore et al. 2007).
Determining viral RNA concentrations
To determine the relative viral RNA concentration of each
isolate, we designed a one-step multiplex real-time RT-PCR
assay (Gentle et al. 2001, Pfaffl 2001, Marino et al. 2003).
Quantitative RT-PCR requires that the data be normalized to
account for the variability involved in the reverse transcrip-
tion of RNA and thus to ensure assay reproducibility (Bustin
and Nolan 2004, Hugget et al. 2005). We used an externally
added control RNA for this purpose (Gilsbach et al. 2006), as
the pools of bugs had no inherent internal control suitable for
quantitative RT-PCR. Samples were prepared for real-time
RT-PCR by mixing 3 mL of each isolate with an equal volume
of 20 ng=mL total human RNA (diluted from a 50 ng=mL stock
of TaqMan Control Total RNA, which was stored frozen
in aliquots; Applied Biosystems, Foster City, CA). One-step
quantitative RT-PCR was then performed using a QuantiTect
Probe RT-PCR kit (Qiagen). The manufacturer’s recom-
mended protocol for custom assays was used except that a
concentration of 0.2 mM was used for each of the four se-
quence-specific primers in the multiplex reaction. For each
reaction, 2.5 mL of the combined RNA sample was used as a
template in 25-mL reactions and cycled in a Cepheid Smart-
Cycler (Cepheid, Sunnyvale, CA). LUX Primers 418RU (50-
CGTGCAATGGTGGAAATTGATA-30) and the FAM-labeled
406FL (50-CAACAAGGTGCAGCGTAAGTTTG[FAM]TG-30)
were derived fromBCRVE2 nucleotide positions 418–439 and
387–406, respectively. JOE-labeled Certified LUX Primers that
target the human beta-2-microglobulin gene were obtained
from Invitrogen (Carlsbad, CA). Melting curve analysis was
performed on each sample at the end of cycling to verify the
purity of amplicons.
To correct for variations in the efficiency of each RT reac-
tion, the Ct value (cycle number at which the fluorescence
exceeded a predefined threshold) obtained for the JOE-
labeled beta-2-microglobulin amplicon was subtracted from
the Ct value obtained for the FAM-labeled BCRV amplicon
for each reaction, thus giving a normalized Ct (DCt) for each
BCRV isolate measured (Gilsbach et al. 2006). As the DCt
value increased for a sample, the RNA concentration of that
sample relative to others decreased.
Determining virus lineages
RNA from each isolate was used in an alphavirus RT-PCR
to amplify the entire 1269 bp of the E2 gene. See Brown et al.
(2008) for details on how sequences were aligned. The lineage
of each isolatewas determined frommaximum likelihood and
Bayesian inference phylogenies constructed using PAUP*
4.0b10 (Swofford 2002) and MrBayes Version 3.1 (Huelsen-
beck and Ronquist 2001). We used the E2 gene for determin-
ing lineages: this gene in alphaviruses codes for a glycoprotein
that is responsible for cell receptor binding (Navaratnarajah
andKuhn 2007) and is the region of the genomemost sensitive
to selection brought about by the immune systems of different
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hosts (Strauss and Strauss 1994, Powers et al. 2001, Pfeffer et al.
2006). The E2 region also determines infection of invertebrate
vectors (Brault et al. 2002). If there are functional differences
among virus isolates or lineages that reflect varying levels of
adaptation to cell receptors of different hosts or vectors, they
may be expressed in the E2 gene. Not all samples determined
to be positive for BCRV were assigned to lineage because
some failed to amplify well enough to yield clean sequences.
GenBank accession numbers of the sequences used in this
paper are EU483798, EU483807, EU483814, EU483844,
EU483856–EU483865, EU483879, EU483928, EU483935,
EU483938, EU483939, EU483952, EU483955, EU483960,
EU483963, EU483975–EU483978, EU483984, EU483989,
EU483990, EU483992, EU483995, EU484002, EU484004,
EU484009, EU484018, EU484033, EU708159–EU708171, and
FJ754359–FJ754428.
Results
Seasonal BCRV prevalence
Across all colony sites, BCRV prevalence (by RT-PCR) was
17.2% (n¼ 239 pools) in October 2005, 16.0% (n¼ 169) in De-
cember 2004, 12.9% (n¼ 248) in January 2006, 16.3% (n¼ 356)
in February 2007, 21.9% (n¼ 128) in April 2006, and 21.0%
(n¼ 205) in April 2007. BCRV prevalence did not differ sig-
nificantly between the three mid-winter sampling periods
(December–February; v22¼ 1:43, p¼ 0.49) orwhenOctoberwas
compared to the mid-winter periods collectively (v21¼ 0:56,
p¼ 0.45). However, BCRV prevalence in the two April sam-
pling periods was significantly greater than in the other
sampling periods combined (v21¼ 5:8, p¼ 0.016). The overall
BCRV prevalence across all sites in the three winter seasons
(17.0%, n¼ 1345 pools) was significantly lower than that
found for all sites sampled in the summers of 2004–2007 in the
same study area (27.9%, n¼ 3769 pools; v21¼ 62:6, p< 0.0001).
Temporal and ecological correlates
of BCRV prevalence
For colony sites sampled in October and again the follow-
ing April, we found that BCRV prevalence in bug pools was
significantly positively correlated between the two time pe-
riods (Fig. 1). Sites with higher prevalence at the start of the
winter season maintained that higher prevalence until early
spring. BCRV prevalence at a colony site in winter was sig-
nificantly positively related to prevalence there the previous
summer (Fig. 2A) but not significantly related to prevalence
the following summer (Fig. 2B).
BCRV prevalence in winter bug pools did not vary signif-
icantly between colony sites on bridges (14.6% pools positive,
n¼ 437) and culverts (18.2% positive, n¼ 908; v21¼ 2.60,
p¼ 0.11), the two principal cliff swallow nesting substrates in
the study area. BCRV prevalence in winter was significantly
lower than in summer at both bridge sites (27.0% positive in
summer, n¼ 1464; v21¼ 28.0, p< 0.0001) and culvert sites
(28.5% positive in summer, n¼ 2305; v21¼ 36.5, p< 0.0001).
For both substrates combined, there was no significant cor-
relation betweenwinter BCRVprevalence in bugs at a site and
cliff swallow colony size (number of active nests) at that site
the previous summer (Fig. 3).
Bug pools taken directly from house sparrow nests in
winter had significantly higher BCRV prevalence (37.5%,
n¼ 24) than did those taken from cliff swallow nests during
the same sampling periods (15.6%, n¼ 591; v21¼ 8.1,
p¼ 0.004). When we classified each colony site as having
sparrows either present or not in winter, we found no overall
difference in BCRV prevalence between sites with sparrows
(19.0% pools positive, n¼ 594) and sites without sparrows
(15.4%, n¼ 751; v21¼ 3.00, p¼ 0.08) sampled simultaneously.
However, if a single outlier site without sparrows sampled in
December 2004 that had an unusually high BCRV prevalence
(21.9%) was excluded, sites with sparrows had significantly
higher overall virus prevalence than sites without (v21¼ 4.80,
p¼ 0.029). The effect of sparrows’ presence varied across the
winter season (Fig. 4). At sites with sparrows, BCRV preva-
lence in October did not differ from that in mid-winter, but
prevalence in April at those sites increased significantly when
compared to the other time periods (Fig. 4). In contrast, at sites
without sparrows, there was no difference in BCRV preva-
lence between the three main sampling times (Fig. 4). For all
April samples combined, BCRV prevalence was significantly
lower than in summer (v21¼ 5.40, p¼ 0.02), but when re-
stricting the analysis to only sites with sparrows, BCRV
prevalence in April did not differ significantly from that in
summer (v21¼ 0.54, p¼ 0.46).
Winter cytopathicity
For all winter bug samples positive for BCRV by RT-PCR,
12.2% (n¼ 222) were cytopathic on Vero cells. This compares
to 70.5% of RT-PCR positives in summer that were cytopathic
(n¼ 1075). The highest concentration of virus found in a
winter sample (collected in February) was 65PFU=mL, in
contrast to many summer samples that were >2000PFU=mL.
Across the winter season, 17.9% of positives were cytopathic
in October (n¼ 28), 20.0% were cytopathic in mid-winter
(n¼ 120; this percentage dropped to 7.0% when the anoma-
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FIG. 1. Percentage of swallow bug pools positive for BCRV
by RT-PCR in early April (end of the winter) at a cliff
swallow colony site in relation to the percentage positive
there the previous October (start of the winter). Circles de-
noted with ‘‘2’’ represent two sites with the same values.
Percentage positive in April was significantly correlated with
percentage positive in October (r¼ 0.63, p¼ 0.039, n¼ 13
sites). BCRV, Buggy Creek virus; RT-PCR, reverse tran-
scription polymerase chain reaction.
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lous site from December 2004 was excluded), and 1.4% were
cytopathic in April (n¼ 71). The single cytopathic April bug
pool was from a house sparrow nest.
Viral RNA concentrations
The mean (SE) viral RNA concentration of BCRV in
positive samples, as measured by DCt values, was 11.18
(0.67) in October (n¼ 29), 10.77 (0.50) in mid-winter
(n¼ 98), and 13.41 (0.47) in April (n¼ 59). The mean con-
centrations differed significantly among the three sampling
periods (Wilcoxon test, p¼ 0.002), with April virus concen-
trations differing significantly from both the October
( p¼ 0.009) and mid-winter samples ( p< 0.001); the October
and mid-winter samples were not significantly different
( p¼ 0.86). The mean (SE) for all winter samples collectively,
11.67 (0.033), was not significantly different from that for all
2004–2006 positive summer samples, 11.04 (0.18, n¼ 795
summer samples; Wilcoxon test, p¼ 0.15).
Distribution of lineages
Of 121 winter BCRV isolates that were sequenced and
identified to lineage, 58.7% were lineage A, with the remain-
der lineage B. This differed significantly from the summer
BCRV isolates, in which 42.3% were lineage A (n¼ 385;
v21¼ 9.9, p¼ 0.002). Some of this difference may have reflected
disproportionate sampling for the lineages on bridges and
culverts in winter versus summer. Lineage B was more com-
mon at bridge colony sites in summer, with only 9.8% of
summer isolates on bridges belonging to lineage A (n¼ 143).
Our winter samples that were sequenced came mostly from
culverts (81%, n¼ 121), so we would expect more lineage A
overall in the winter dataset. However, in comparing just
bridges, we found 30.4% to be lineage A in winter (n¼ 23)
versus 9.8% lineage A in summer, a significant difference
(v21¼ 7.6, p¼ 0.006). At culvert sites, lineage A represented
65.3% of isolates in winter (n¼ 98), compared to 61.5% in
summer (n¼ 213), a nonsignificant difference (v21¼ 0.42,
p¼ 0.52).
Lineage A was significantly more likely to be found in
winter at colony sites where house sparrows were present
(68.1% of 69 isolates were lineage A) than at sites without
sparrows (36.5% of 52 isolates were lineage A; v21¼ 11.9,
p¼ 0.001). Of 8 isolates taken directly from bugs in house
sparrow nests, 7 (87.5%) were lineage A, a significant pre-
ponderance of lineage A isolates (binomial test, p¼ 0.035).
Across the winter season, lineage A represented 66.7% of
isolates in October (n¼ 9), 58.7% of isolates in mid-winter
(December–February, n¼ 75), and 56.8% of isolates in April
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FIG. 2. (A) Percentage of swallow bug pools positive for
BCRV by RT-PCR in winter at a cliff swallow colony site in
relation to the percentage positive there the previous sum-
mer. Circle denoted with ‘‘3’’ represents three sites with the
same values. Percentage positive in winter was significantly
correlated with percentage positive the previous summer
(rs¼ 0.35, p< 0.04, n¼ 33 sites). (B) Percentage of swallow
bug pools positive for BCRV in summer at a cliff swallow
colony site in relation to the percentage positive there the
previous winter. Percentage positive in summer was not
significantly correlated with percentage positive the previous
winter (rs¼ 0.17, p¼ 0.40, n¼ 28 sites). For these analyses
and that of Fig. 3, we used only mid-winter and April
samples in calculating overall winter BCRV prevalence, be-
cause fall (October) sampling was done in only 1 year.
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FIG. 3. Percentage of swallow bug pools positive for BCRV
by RT-PCR in winter at a cliff swallow colony site in relation
to swallow colony size (number of active nests) the previous
summer. Percentage positive in winter was not significantly
correlated with colony size (r¼ 0.03, p¼ 0.85, n¼ 33 sites).
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(n¼ 37). The distributions of lineages A and B did not differ
significantly across these three time periods (v21¼ 0.29,
p¼ 0.86).
Combining all isolates (n¼ 506) across the summer and
winter seasons, lineage A represented 46.2% of isolates and
lineage B 53.8%. This did not differ significantly from a 50:50
ratio (v21¼ 1.4, p¼ 0.23).
Discussion
These analyses show that BCRV successfully and routinely
overwinters in swallow bugs in the central Great Plains of
North America. The fact that we found this virus in unfed
bugs in mid-April at sites without resident house sparrows
and before cliff swallows had returned to nest demonstrates
that the virus can persist at a given locale for an entire winter.
Prevalence of the virus in bugs decreases during the winter
months (October–February) relative to summer, but by April
before the cliff swallows’ arrival, prevalence starts to rise, and
at sites with house sparrows, bugs are as likely to be infected
then as during the summer months. Winter BCRV prevalence
at a colony site seems to reflect the relative degree of bug
infection there the preceding summer but does not predict
relative prevalence the following summer at a site. We found
evidence that both BCRV lineages overwinter successfully in
bugs, but the lineagemost common in summer (B)was not the
one most commonly found in winter (A).
Seasonal changes in prevalence and infectivity
Our data suggest that most of the seasonal decline in BCRV
prevalence in bugs was between the end of the summer sea-
son (i.e., July in our study area, when most cliff swallows
depart) and October (when we took our first winter samples).
The reason for this reduction in virus infection in the vectors is
unclear but could mean that BCRV reduces survival of the
bugs it infects, as documented in mosquitoes for other al-
phaviruses (Scott and Lorenz 1998, Mahmood et al. 2004).
Alternatively, BCRV could become harder to detect given
the changes in the bugs’ behavior and physiology in late
summer and early fall (and with the onset of colder ambi-
ent temperatures in winter). By late July, many bugs in the
Nebraska study area have stopped feeding and begun to ag-
gregate in masses on the substrate behind the nests, where
they remain all winter. They likely undergo physiological
changes at that time as well, as they enter winter dormancy=
diapause with associated hypometabolism. These changes in
most insects involve loss of water from the tissues and hy-
pertrophy of body fat (Chapman 1969, Mitchell 1988),
and may be partly responsible for the greater difficulty in
detecting viruses such as western equine encephalomyelitis
virus, West Nile, and St. Louis encephalitis viruses in mos-
quitoes during winter or when held at relatively cool tem-
peratures (Reeves et al. 1958, Bailey et al. 1978, Nasci et al.
2001, Dohm et al. 2002, Reisen et al. 2006b). Laboratory ex-
periments would be useful in determining whether infection
is costly to swallow bugs and the effects ofwinter temperature
and=or bug winter physiology on the efficiency of detecting
BCRV infection.
The significant decline in BCRV prevalence in bugs during
thewinter inNebraska is in contrast to bugs collected inNorth
Dakota (a colder winter environment) and in Oklahoma (a
warmer winter environment); in both cases, BCRV prevalence
did not differ between summer and winter seasons (Brown
et al. 2009b, C.R. Brown et al. unpublished data). We cannot
explain this geographic difference, but it might be related to
the co-occurrence of both lineages in Nebraska, where dif-
ferent lineages might be favored in the different seasons (see
below). Only one lineage has been detected at the other lo-
cations (Padhi et al. 2008). More work clearly is needed to
understand the observed geographic variation in virus prev-
alence.
Does enough viable virus remain in bugs by early spring to
infect returning birds and thus reinitiate local transmission?
The facts that cytopathicity of BCRV in bugs declined strongly
from summer to winter and that April samples had almost no
cytopathic virus might suggest that RT-PCR positives in
winter reflect only noninfectious viral RNA (e.g., White et al.
2005) that cannot infect other vectors or hosts at the beginning
of the summer season. If so, this would imply that infectious
BCRVpresent at a site in summer resultsmostly or exclusively
from reintroduction by birds. We think this possibility is un-
likely (Hayes et al. 1977, O’Brien et al. 2008) and that infec-
tious virus is maintained by bugs through the winter season
for the following reasons. (i) As we didwith summer samples,
we have obtained full 2076 bp sequences (Padhi et al. 2008) of
winter isolates that were noncytopathic, not an expected re-
sult if we were detecting only viral RNA fragments. (ii) Var-
ious other arboviruses in overwintering insects are known to
require that the vector terminate its winter diapause and take
a blood meal before infectious virus can be isolated (Reeves
et al. 1958, Bailey et al. 1978, Reisen et al. 2002). (iii) We see a
similar result in summer in which bugs at sites without bird
activity (i.e., unfed bugs) maintain largely noncytopathic
virus, but upon arrival of the first cliff swallows at a site, the
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FIG. 4. Percentage of swallow bug pools positive for
BCRV by RT-PCR in the October, mid-winter (December–
February), and early April sampling periods at colony sites
with house sparrows (dark bars) and at sites without spar-
rows (clear bars). At sites with sparrows, percentage positive
in the October and mid-winter periods did not differ sig-
nificantly (v21¼ 0.49, p¼ 0.48), but early April differed sig-
nificantly from the other two periods combined (v21¼ 6.9,
p¼ 0.009). At sites without sparrows, percentage positive did
not differ among the three sampling periods (v21¼ 1.3,
p¼ 0.53). Numbers above bars indicate total numbers of bug
pools tested.
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recently fed bugs immediately exhibit cytopathic virus (C.
Brown and A. Moore, unpublished data). This suggests that
blood-feeding per se (not temperature) activates the virus. (iv)
Cytopathic virus was isolated from 45% of overwintering
positive samples in North Dakota, indicating that BCRV can
remain infectious all winter (Brown et al. 2009b). (v) Rush
et al. (1980) found that swallow bugs in the laboratory could
transmit infectious BCRV to nestling house sparrows as long
as 310 days after initial infection and after being held for some
of that time in conditions simulating winter.
Viral RNA concentrations (as reflected in higher DCt val-
ues) were lower for bug samples taken in April than earlier in
the winter, suggesting some degradation of virus in bugswith
time (or continuing mortality of those infected). Surprisingly,
however, we found no evidence that, overall, there was less
virus (as measured by RNA concentration) in bug samples in
winter than during the summer. Thus, the much lower cyto-
pathicity of virus in winter (compared to summer) cannot be
explained by lower virus titers in bugs in winter. This leads
back to the suggestion that cytopathicity may be related
mostly to whether bugs have recently blood-fed. Cytopathi-
city on Vero cells may not accurately reflect potential virus
infectivity for winter samples.
House sparrows influence the winter prevalence of BCRV
in bugs. We found more infected bugs in house sparrow nests
than in cliff swallow nests in winter. By April the mere pres-
ence of house sparrows at a colony site increased virus
prevalence in bugs from all nests to a level statistically in-
distinguishable from average summer prevalence. This result
might be expected if bugs take blood meals from sparrows
either occasionally during the winter months or in early
spring before the cliff swallows return. Occasional blood-
feeding may enhance virus persistence in bug tissues over
winter (or make it more likely to be detected), perhaps by
shortening the period of the bugs’ winter dormancy. House
sparrows roost in swallow nests throughout the winter (C.
Brown et al., personnel observation) and are probably im-
portant in maintaining at least one of the BCRV lineages at
some sites.
If we assume that BCRV truly declines in prevalence during
the winter in Nebraska and does not simply become harder to
detect, this suggests that amplification by vertebrate hosts in
summer (and=or vertical transmission when bugs begin re-
producing; Brown et al. 2009a) is critical to sustaining it over
the long-term at a given colony site. BCRV thusmay be similar
to arboviruses that overwinter in eggs via vertical transmis-
sion and that need periodic boosts from summer amplifica-
tion in hosts to avoid local extinction (Reisen 1990). The fact
that BCRV prevalence in winter was not correlated with virus
prevalence the following summer likely reflects variation in
the number of avian hosts (cliff swallows and=or house
sparrows) occupying a colony site from year to year, variation
that also affects the annual population size of swallow bugs
(Brown et al. 2001).
Differences among lineages
Both lineages successfully overwintered in bugs, with no
changes in the relative proportion of lineages A and B across
the winter season. However, the majority of winter isolates
were lineage A, in contrast to summerwhen themajoritywere
lineage B. The seasonal reduction in lineage B must happen in
early fall, as the predominance of lineage A among our iso-
lates was apparent as early as October. The overall reduction
in BCRV prevalence between summer and winter (*27% to
*17%) can be accounted for mostly by the disappearance
(for unknown reasons) of lineage B at bridge colony sites in
particular.
Lineage A’s close association with sparrows in winter
supports the hypothesis that it is more closely associated with
birds and depends on them more for transmission than does
lineage B (Brown et al. 2009). This hypothesis is also consistent
with the seasonal change in the proportions of the two line-
ages. During summer, lineage B is perhaps favored because
it replicates mostly in bugs, and with a massive increase in
bug populations over the summer, lineage B can be transmit-
ted to instars through either vertical (Brown et al. 2009a) or
mechanical (nonviremic) transmission in addition to trans-
mission per os from bugs’ feeding on viremic birds. With the
die-off of early stage instars in early fall and the cessation of
bug reproduction (and potential vertical transmission), dis-
proportionately more of lineage B is removed from the pop-
ulation at that time of year. In contrast, lineage A’s ability to
exploit avian hosts (i.e., sedentary house sparrows) favors it in
the winter, potentially allowing it to initiate its transmission
season earlier in the spring and continue later into the fall than
lineage B. If summer conditions favor lineage B and winter
favors lineage A, the existence of the two lineages may rep-
resent a balanced polymorphism in transmission strategies in
which neither lineage has an advantage over the other. This is
supported by the percentages of lineages A and B not differing
significantly from a stable 50:50 ratio when summer and
winter are considered together. Additional data from both
field and laboratory are needed to better test this hypothesis.
Unique aspects of BCRV
The central Great Plains represents a relatively inhospitable
environment for overwintering of any arbovirus (and their
arthropod vectors). During the three coldest months of the
winter (December–February), the average daily low temper-
ature in our study area (as measured at North Platte over
30 years) is 11.58C, 138C, and 9.88C, with an all-time
record low of 378C recorded in January (NWS 2008). Most
other arboviruses found in adult arthropods in winter
(Blackmore andWinn 1956, Bailey et al. 1978, Nasci et al. 2001,
Farajollahi et al. 2005) were in mines or buildings where in-
door temperatures were warmer than outside ambient
(Mitchell 1979). Both swallow bugs and BCRV seem able to
survive in very cold winter environments, with this virus
isolated from bugs in winter as far north as western North
Dakota, where temperatures are even colder in mid-winter
than in Nebraska (Brown et al. 2009b).
BCRV’s ability to regularly overwinter in adult arthropods
may reflect primarily its vector’s ability to survive the winter
as adults or late-stage instars in relatively large numbers.
Overwintering is part of a suite of adaptations that the bugs
and virus exhibit in response to the erratic colony-site use by
cliff swallows and to the bugs’ own dependence on cliff swal-
lows (and more recently, introduced house sparrows) as their
sole avian hosts. Because BCRV does not seem to be intro-
duced to colony sites in the spring by returning cliff swallows
(Hayes et al. 1977, O’Brien et al. 2008), overwintering in the
bugs is key to the virus’s long-term persistence. With about
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60% of the virus present in summer (27.9% average preva-
lence) persisting into and detectable throughout the winter
(17.0% average prevalence), overwintering would seem to be
an important life-history component for BCRV that helps
maintain its relatively stable prevalence in summer from year
to year. Quantitative modeling is needed to study more pre-
cisely the relative importance of overwintering in BCRV’s
annual cycle. This virus may also provide a useful model for
studying cold tolerance in arboviruses and the potential for
other alphaviruses to overwinter in insect vectors.
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